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ABSTRACT 
A new method for the oil recovery from oil-in-water 
emulsions is considered by treating cationic and anionic 
oil-in-water emulsions with partially activated cross-
linked styrene-divinylbenzene copolymer beads of opposite 
charge. 
Anionic and cationic emulsions are treated with ca-
tionic and anionic activated beads respectively. The an-
ionic beads are prepared by partial sulfonation with con-
centrated sulfuric acid stopping the reaction at diffe-
rent periods of time to get different degrees of surface 
sulfonation. The cationic beads are prepared by partial 
chloromethylation followed by amination to obtain a qua-
ternary ammonium compound on the surfa~e. Experimental 
difficulties and the carcinogenic nature of chemicals 
prevented the preparation of the cationic beads. 
Optimum reaction time for the sulfonation of the 
beads.and optimum imbibition time for the anionic beads 
are determined by the maximum amount of imbibed cationic 
oil-in-water emulsion. 
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At the optimum conditions, activated beads are 
found to imbibe 9.73 g oil emulsion per g of beads. 
The final steps are to get the proper solvent for 
the imbibed oil and to determine the reusing capacity 
of the imbibed beads. The anionic functionality on the 
activated beads is found to be destroyed after the 
first imbibition of the oil, and consequently they can 
not be reused after recovery of the oil. 
- 2 -
CHAPTER ONE 
INTRODUCTION 
Spills of liquid hydrocarbons present a serious 
environmental problem. After the spills, the oil may 
exist as a separated floating phase or as stable oil-
in-water emulsions. 
The oil-in-water emulsions, subject matter of this 
report, can be cationic, anionic, or nonionic. In the 
cationic emulsions the oil droplets have a positive 
surface charge which keeps them separated from each 
other. In the anionic emulsions the surface charge is 
negative and they are stabilized by a similar mechanism 
as are the cationic emulsions. The nonionic sterically 
stabilized emulsions have a more complicated mechanism 
keeping them from breaking down. 
Many methods have been proposed to quickly remove 
such spills before contamination of the sea water and 
ad~acent shoreline can occur. In this report, the initial 
steps of a feasibility study of removing oil from the 
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oil-in-water emulsions will be described. The approach 
used in this method is summarized in treating the oil 
emulsion with activated and slightly cross-linked sty-
rene-divinylbenzene copolymer beads. Before using the 
beads they must undergo a chemical treatment in order to 
coat them with a specific surface charge. The surface 
charge of the polymer beads must contain functional 
groups that enhance the flocculation of the oil droplets, 
and the center of the beads must be sufficiently hydro-
phobic to imbibe a relatively large volume of oil. 
To treat the anionic emulsions the polymer beads 
must have cationic surface groups,for example,trimethyl 
ammonium groups. For the cationic emulsions the beads 
must have anionic surface groups,for example,sulfonate 
groups. For the nonionic oil emulsions,the polymer beads 
must have chemically grafted polymer molecules of the 
type effective in flocculating colloidal suspensions,for 
example,end-grafted polyacrylamide molecules. 
The anionic surface groups can be incorporated by 
sulfonation and the cationic surface groups by chloro-
methylation followed by amination. Both treatment methods 
must be stopped at an early stage so that only the sur-
- 4 -
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face and not the interior of the beads is either sulfon-
ated or chloromethylated. The grafting of the beads 
will not considered in this part of the research. 
The recovery of the imbibed oil can be accomplished 
by steam distillation or by liquid extraction. For the 
liquid extraction the liquid or solvent must dissolve 
the imbibed oil, but the beads must remain unchanged 
and ready for reusing as many times as possible. 
To start with, a review will be given on some of 
the theoretical aspects related with the oil spills, 
emulsifiers and dispersants, oil emulsions; the princi-
ples of sulfonation and chloromethylation; and some 
principles about solvent extraction. 1'hereafter, the 
experimental procedure will be described and the results 
discussed. 
Much more work than that reported here is needed 
in order to complete the objective of this research. In 
this report, only· the results of a few preliminary ex-
periments and observations are discussed. If any interest 
can ,be generated to promote a wider engagement in the 
study of this field, the purpose of this report will 
have been well served. 
- 5 -
; 
l 
I 
' !
CHAPTER. TWO 
BACKGROUND 
2.1 OIL SPILLS 
Crude oil spills at sea are a serious environmental 
problem today. They may result from a number of causes. 
The more important spills are to be expected from casual-
ties with oil tankers or failures during offshore oil 
production. Minor spills may arise from tanker cleaning-
de-ballastinG or natural seepage. This oil pollution may 
comprise large floating pools of oil easy to detect and 
combat;but may also comprise stable oil-in-w~ter emul-
sions and solute oil difficult to detect. 
To combat the large floatinG oil pools,there are a 
number of different methods which might apparently be 
.. 
used to deal with oil floating on the sea. Blacklaw and 
co-workers (1) .present a summary of currently used labo-
ratory methods for evaluating oil spill treating agents 
as followo: 
1. Dispersants (cause formation or oil-in-water 
suspensions). 
- 6 -
2. Sinking agents (create high density compound or 
agglomerate, by chemical or physical action, 
which sinks). 
3. Sorbents (adsorb or absorb oil preferentially to 
form a floating mass). 
4. Combustion promoters (provide wick or other ac-
tion for enhanced combustion). 
5. Biodegradants (oxidize by bacterial action). 
6. Gelling agents (form semisolid agglomerates). 
7. Beach cleaners (release oil from sand, rocks, 
etc.). 
They give a list of the important parameters that have 
to be controlled at specified values according to the 
type of agent, such as: 
- amount and type of agitation; 
- temperature; 
- composition and quality; 
- oil type; 
- contact time; 
- scale dimension; 
- characteristic solid materials in contact with 
oil and agent. 
Gen~rally, each of these methods of the prior art has 
serious limitations (2). These systems lack one or more 
- 7 -
of the following desirable characteristics: high oil 
recovery rate,minimum inclusion of water with the remo-
ved oil,efficient oil removal in the presence of water 
motion or wave action,relatively inexpensive,and easy 
to deploy and maintain. 
During the normal operation of tankers,any water 
effluent is essentially oil-free. To achieve this,the 
load-on-top (LOT) procedure is used in which oily 
ballast water is retained aboard and the incoming cargo 
loaded on top of it. In extraordinary cases where a tan-
ker cargo compartment may be in danger of break up,addi-
tional development work is underway on gelling compounds 
to solidify the oil cargo in situ and thereby prevent 
its release. Since the load-on-top procedure was intro-
duced for crude oil transportation,possible sources of 
pollution include (3): 
- oily ballast water pumped overboard in coastal 
areas or in areas of sea currents directed to 
coastal areas, 
- release of oil from sunken ships' bun..1cer tanks 
finally corroding, 
- oily bilge water pumped overboard by coastal 
traffic, 
- 8 -
I 
' /" 
~ waxy sludge from tank cleaning operations at sea. 
In some cases when there is an inadverted acciden-
tal spill,it is generally agreed (4) that the recommen-
ded procedure is to contain the oil and physically remo-
ve it with or without the aid of absorbents. The poly-
urethane foam has been used to absorb over 90 per cent 
of its own volume of oil or 100 times its own weight; 
which is relatively inexpensive. It is easily generated 
by mixing two liquids to produce a hundred-fold expan-
sion in one minute. The rate of water absorption is low. 
The oil soaked foam does not release oil unless squeezed. 
Sometimes when the containment and recovery are im-
possible because of adverse conditions,considerations 
should be given to treating the oil spill at sea before 
it can cause damage. 
It is a common observation that the oil when 
spilled on water,tends to spread outward on the water 
surface in the form of a thin continuous layer. Fay (5) 
has made the analysis of the forces acting in the spread 
of oil on still water and in moving streams. To evaluate 
the extent of spread of the oil slicks as a function of 
- 9 -
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time,Fay (6) has derived the corresponding formulas by 
considering both one-dimensional and two-dimensional 
slicks. His formulations are based on empirical measure-
ments of spreading rates and analytical and theoretical 
studies of the physical processes which accelerate or 
retard the spread of a film. He reviews the current un-
derstanding of the physical processes which initially 
cause and ultimately terminate the spread of oil on the 
surface of water. 
Some physical and chemical properties of the oil 
such as density,fluidity,and volatility have great in-
fluence on the fate of the oil spills at sea. These pro-
perties may differ largely for the various types of oil. 
The density of nearly all crude oils and oil products is 
less than that of the sea water or fresh water,and so, 
the oil floats on the water surface. The viscosity and 
the surface tension determine to some degree the rate of 
spreading,and sometimes the efficiency of methods for 
recovery is determined by the viscosity. The spreading 
of oil under the influence of gravity and surface tension 
is described by Otto (7) and Fay (6). 
Smith (8,9) describes some aspects of the methods 
- 10 -
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of dealing with floating oil and for cleaning oil from 
beaches, such as mechanical removal, use of absorbent 
materials, use of dispersants, burning, and gelling. 
The oil-in-water emulsions do not respond to the 
above mentioned methods, however, and they may remain as 
an undetected hazard to the environment. 
2.2 EMULSIFIERS AND DISPERSANTS 
Certain substances, even when present in very low 
concentrations, possess the unique property of altering 
the surface energy of their solvents to an extreme de-
gree. Almost always, a lowering rather than an increase 
of the surface energy is effected. Such substances are 
known as surface-active agents or surfactants. By broad 
definition, surface-active chemicals are soluble subtan-
ces whose presence in solution markedly changes the pro-
perties of the solvent and the surfaces they contact 
(10). They are categorized according to the manner in 
which they dissociate or ionize the water and are char-
acterized structurally by possessing a molecular balance 
of~ long lipophilic hydrocarbon "tail" and a polar hy-
drophilic "head". They are often represented as a tadpole 
- 11 -
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-like structure in which the 11 head 11 seeks water while 
the II tail" is repelled by it l 11), as shown in Figure 1. 
Surfactants tend to concentrate in an oriented manner, 
at the interface, in such a way that almost entirely, 
they turn a majority of their hydrophilic groups toward 
the more polar phase and a majority of their lipophilic 
groups away from the polar phase and, perhaps, into a 
non-polar medium. 
There are three types of chemical surface-active 
agents classified according to their dissociation char-
acteristics in water. These are: 
1. ANIONIC SURFACTANTS, whose structure most close-
ly resembles a soap, have an alkali-metal salt 
of a sulphate or sulphonate at the hydrophilic 
"head" end. The electrovalent and polar hydro-
carbon group is part of the negatively-charged 
ion when the compound ionizes. 
la) - + ••• -CH2-COO Na 
tlong chain fatty acid salt, soap) 
lb) CH3-cH2-.... • •• -CH2-o-so3Na 
l alkyl sulphate) 
- 12 -
OIL 
AGITATION 
FIGURE 1. BEHAVIOUR OF SURFACE-ACTIVE AGENTS. 
In aqueous solution,the molecules 
align themselves at the surface so that the 
hydrophilic "head" remains in the water but 
the hydrophobic (lipophilic) "tail" emerges 
(top left). These "tails" seek floating oil 
~nd enhance its spreading by reducing the in-
terfacial tension (top right). 
- 13 -
(c) 
... -CH2-01 
. ~ so3Na 
(alkyl benzene sulphonate) 
2. CATIONIC SURFACTANTS,where the electrovalent 
and polar hydrocarbon group is part of the posi-
tively-charged ion when the compound ionizes. 
(a) CH3-(CH2)17-NH;c1-
(b) 
(alkyl trimethyl ammonium salt) 
3. NON-IONIC SURFACTANTS,are condensates of alkyl 
phenols or fatty alcohols with ethylene oxide. 
The hydrophilic group is covalent and polar and 
which dissolves without ionization. 
(alkyl phenol-ethylene oxide conden-
sate) 
In clean water,these molecules tend to align them-
selves at the air-water interface,reducing the free 
ene,rgy and thus the surface tension of the liquid. In 
the presence of oil,the lipophilic 11 tails 11 will seek 
- 14 -
this immiscible non-aqueous phase and,by a similar re-
duction of surface energy,favour the formation of sta-
ble droplets. There are many surfactants that will aid 
in the formation of fine droplets. An additional and 
more suitable requirement for an effective dispersant 
is the prevention of coalescence of the oil droplets 
after they are formed. This property of an effective 
dispersa..~t also prev~nts the dispersed oil droplets 
from adhering to any surface,e.g.,beach sand, piers, 
bird's feathers,etc.(4). 
According to Nelson-Smith (11),two elements are 
essential in practice:the surfactant must mix readily 
with the oily water,thus requiring a solvent if it is 
viscous or waxy,while agitation is necessary to initiate 
the formation of droplets. The emulsion which results is 
one of oil-in-water and has a milky appearance. It will 
readily disperse with further dilution,since water is 
its continuous phase. 
The toxicity of the chemical dispersants is a con-
sideration that is as important as effectiveness. The 
experience has shown that there is a tendency to "over-
treat11 and apply excessive amounts of chemicals during 
- 15 -
an oil spill emergency (4). Hence there is always the 
probability that some dispersant will escape into the 
environment without associating with the oil spill. It 
is therefore most important that the chemical,in itself, 
is not anymore toxic than the oil itself,as a minimum 
requirement. 
2.3 OIL EMULSIONS 
Oil emulsions may be defined as intimate two-phase 
mixtures of oil and water with one phase dispersed as 
minute globules in the other phase. These tiny droplets 
are stabilized by an interfacial film which prevents 
their coalescence. Thus stable emulsions do not respond 
readily to gravity settling. Generally the stability of 
an emulsion is related directly to stabilizing agents 
rather than the degree of dispersion (12). Prior to any 
treatment of an emulsion,it is necessary to identify and 
characterize it as an oil-in-water or water-in-oil emul-
sion,as the properties of these are of dr~~atically 
opposite consequence in the context of oil dispersal. 
Once the type of emulsion has been determined,certain 
treatment methods are more likely to be successful than 
others. 
- 16 -
Oil-in-water emulsions,having water as the conti-
nuous phase,disperse in the sea and effectively remove 
the oil. Formation of these oil-in-water emulsions 
appears,however,to require the addition of a surface-
active agent unlike the reverse form,water-in-oil,which 
is formed naturally at sea. The formation of oil-in-water 
emulsions is promoted by the addition of detergents (13). 
The application of a properly selected surface-active 
agent promotes thinning of the oil film since the oil-
water interfacial tension is reduced. Since the surfac-
tant consists of water compatible (hydrophilic),and oil 
compatible (lipophilic) portions,it arranges itself at 
the oil-water interface in preference to either bulk 
phases. 
2.4 CROSS-LINKED RESINS. STYRENE-DIVINYL BENZENE 
COPOLYMERS 
The cross-linked resins are a special class of ther-
mosetting styrene polymers characterized by insolubility 
and a high degree of resistance to heat. In addition to 
styrene and modifying agents,they contain a minor propor-
tion of a polyfunctional, cross-linking material which 
- 17 -
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1' bridges the linear molecules and produces a three-di-
mensional,insoluble,infusible polymer net-work. Staudin-
ger (14) has shown that if a small quantity of divinyl-
benzene (DVB) is added to the styrene before polymeri-
zation,a mixed polymeric product of styrene and DVB is 
obtained,and that its outer appearance is the same as 
that of the pure polystyrene prepared under the same 
conditions,but its solubility is quite different. The 
11 mixed11 product,a cross-linked polymer,is insoluble in 
organic solvents although it can be swollen by them to 
a very high degree. The addition of DVB has thus trans-
formed the soluble polystyrene with its unlimited 
swelling capacity into an insoluble product with a res-
tricted capacity of swelling. 
The quantity of DVB which is required to obtain the 
insoluble product instead of the soluble one is exceed-
ingly small. According to Staudinger (14) one molecule 
of DVB is enough for 10,000-50,000 molecules of the mo-
nomeric styrene. This corresponds to an addition of 
about 0.002-0.01 per cent of DVB. The DVB serves to 
crosslink the long polystyrene chains,thus giving rise 
to a three-dimensional polymer which swells but does 
not dissolve in the usual solvents. When the DVB con-
- 18 -
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centration is low (e.g.,0.02-0.03 per cent) the swelling 
ratio is very large and may reach 20 to 40-fold (15). 
With large amounts of DVB in a copolymer,for instance 
greater than 10 per cent,the degree of swelling in sol-
vents becomes negligible. Staudinger gave the explana-
tion of this fact in the formation of a kind of DVB-
"bridges" linking together the thread molecules of the 
polystyrene. 
It has been stated (16) that useful ion-exchange 
resins must have the following characteristics: 
2.5 
(i) they must contain chemical groups which will 
react with the ions or have an active surface 
which physically absorbs the ions; 
(ii) they must be capable of regeneration to at 
least part of their original activity so as 
to be reusable; 
(iii) they must be insoluble in liquid media before 
and after removing ions from the media. 
SULFONATION OF STYRENE-DIVINYL BENZENE COPOLYMER 
BEADS 
In this part it will be described some relevant 
- 19 -
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properties of sulfonated cross-linked styrene-divinyl 
benzene copolymers, and some developments about their 
preparation. A comprehensive treatise on styrene (17) 
reviews critically the literature on the sulfonation of 
styrene homopolymers to yield a water-soluble product, 
as well as the sulfonation of the heteropolymers lwith 
DVB) to yield insoluble ion-exchange resins. It is 
pointed out that in producing the former type of prod-
uct, the most effective means for obviating undesired 
cross-linking by sulfone formation is the use of a large 
excess of acid during sulfonation. 
The preparation of sulfonated cross-linked poly-
styrene was patented by D'Alelio (18). Two papers by 
Bauman et al. (19, 20) give valuable information on the 
ion-exchange properties of this material. Briefly, sty-
rene and a cross-linking agent (normally DVB) are copo-
limerized in suspension form to yield beads of insolu-
ble, cross-linked polystyrene. The polymer beads are 
then sulfonated directly by treatment with sulfuric 
acid or other sulfonating agent. According to D'.Alelio 
(18) complete sulfonation of 40 to 60 mesh beads ~n con-
centrated sulfuric acid requires a few hours at 130 to 
' . 
140°0. It is surprising, in view of the hydrophobic na-
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ture of the copolymer, that the sulfonation is success-
ful. The explanation is apparent if one examines a bead 
which has been removed from the reaction mixture prior 
to complete sulfonation. Such a bead consists of a hard 
core of unsulfonated copolymer surrounded by a swelled 
layer of sulfonated copolymer (21). The success of the 
process depends upon the fact that the reaction product 
is swelled by the reaction medium. 
The sulfonation of polyvinyl aromatics is usually 
accompanied by cross-linking. Sometimes the presence of 
cross-linking is very apparent in that the polymer mere-
ly swells in a solvent and to a very limited degree. 
Sometimes the degree of swelling seems unlimited but 
the solutions are very viscous and non-uniform. Evidence 
that this cross-linking is due to sulfone formation is 
provided by comparison of sulfur anlysis with sulfonic 
acid content. A detectable excess of the former over the 
latter is seen only in cases in which sulfone formation 
was encouraged by the use of chlorosulfonic acid and a 
Friedel-Crafts catalyst (22). The source of cross-link-
ing is believed to be a competitive secondary reaction 
of the protonated arylsulfonic acid (21). 
- 21' -
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Jones (21) has pointed out that the most effective 
means of controlling the sulfonation is dilution. Dilu-
tion is more effective when the diluent is the reagent 
because in this case the mass effect promotes the first 
step relative to the second step of the reaction. In 
theory it would be possible to minimize cross-linking 
by the choice of a catalyst selective for the reagent 
or by the choice of conditions under which the second 
reaction would be diffusion-controlled. By the use of 
a large excess of sulfuric acid it is possible to sul-
fonate solid polystyrene and obtain,as a minor portion 
yield,soluble sulfonated polystyrene. 
About the use of solvent,Roth (23) indicated that 
the effect of the solvent is not clearly understood and 
that there is first a need for chemical stability to 
the sulfonating agent. One hypothesis might concern the 
distribution factor of free sulfonating agent between 
the sulfonate and the solvent. If the solvent is not 
- 22 -
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favored,there may be a cross-linking tendency,as free 
sulf9nating agent adsorbed by the sulfonate may cause 
dehydration between adjacent phenyl sulfonic acid 
groups to form a sulfone group: 
Kapura and Gates (24) have described the structure 
of the activated copolymer beads of styrene and DVB as: 
, __ 
-so H 3 
The only.ionizable group present in sulfonated 
cross-linked polystyrene is the strongly acidic sulfo-
' 
nic group. Since the ionizable groups promote solubili-
- 23 -
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ty or excessive swelling in water,it is essential that 
ion-exchange resins should possess a cross-linked poly-
meric structure. 
The ion-exchange properties which are of importan-
ce include (25): 
1. the total exchange-capacity, 
2. the relative affinity coefficients of different 
ions,and 
3. the rates of exchange of different ions. 
It should be emphasized that effects other than simple 
exchange may be observed when an ion-exchange resin is 
added to aqueous solution. Penetration of the resin by 
electrolytes occurs to a small extent and there may be 
appreciable sorption of un-ionized molecules. 
The extent of sulfonation of cross-linked polysty-
rene can be assessed readily by determination of the 
amount of ionizable hydrogen in the product. This value, 
known as the "total exchange capacity",is expressed as 
mg.-equiv.hydrogen ion per g. dry resin. This determina-
tion is made by adding a known amount of standard hy-
dro4ide solution to a sample of resin in the acid form 
of known dry weight. Excess sodium hydroxide is then 
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estimated by titration of aliquots with standard acid. 
The amount of sodium hydroxide neutralized is equivalent 
to the amount of hydrogen ion liberated by the resin. 
The limiting capacities of sulfonated cross-linked 
polystyrene decrease with increase in DVB content. In 
Table I are listed the values of the total exchange ca-
pacity found by Pepper (25). 
TABLE I 
Observed capacities of sulfonated cross-linked 
polystyrene of different DVB content. 
Nominal DVB 
content% 
2 
5 
10 
17 
33 
Capacity+ 0.05 
mg.-equiv./g dry resin 
5.35 
5.30 
5.25 
5.05 
4.55 
The rate of sulfonation, as pointed out by Pepper 
{25), is dependent upon the degree of cross-linking. At 
100°0 Pepper found that it took 500 hours to fully sul-
- 25 -
fonate beads containing 17 per cent DVB, and an hour for 
beads of similar size but containing only 5 per cent 
DVB. Sulfonation of highly cross-linked polymers was 
shown to be facilitated by swelling the resin in toluene 
before treatment with sulfuric acid. Reichenberg (26) 
found a time of sulfonation of 24 hours for beads with 
5 per cent DVB sulfonated with concentrated sulfuric 
acid at 100°c in the presence of 1 per cent silver 
sulphate as catalyst, and 7 days for a 17 per cent DVB 
resin with the beads swollen with xylene before sulfo-
nation. 
It is apparent from the foregoing that the ion-
exchange properties of a resin may be profoundly influ-
enced by its molecular structure, in particular by the 
extent of cross-linking. Highly cross-linked resins may 
be expected to exhibit low swelling and marked preferen-
tial absorption for certain ions. Such highly cross-
linked resins may, however, exclude large ions and will 
probably possess high rates of exchange and absorb large 
ions, but they will exhibit high swelling and be less 
selective (25). 
· Partially sulfonated polymers can be made also by: 
desulfonation,for example, one quarter of the sulfonic 
groups can be removed by heating a fully sulfonated 
- 26 -
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highly cross-linked resin for 24 hours at 165°C in 36 
per cent hydrochloric acid (22). 
Kircher (27) describes a typical pilot plant batch 
sulfonation procedure as well as the equipment and the 
control of the several variables involved,such as: 
1. strength of sulfonating agent 
2. ratio of sulfonating agent to resin 
3. sulfonation temperature 
4. technique and time of addition of sulfonating 
agent 
5. degree of agitation 
6. temperature and time of aging the sulfonation 
reaction mass. 
Eichhorn (28) describes the preparation of resin-
polysulfonates by sulfonation of resinous polymers. More 
particularly he refers to an improved process of sulfa-
nation wherein solid resinous polymers are sulfonated 
by contacting them in finely dividing form with a gas 
comprising sulfonation agent,such as sulfur trioxide,in 
the absence of liquid reaction media. 
Roth (23) in his experiences found many factors 
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that play a part in the sulfonation reaction. These fac-
tors may be itemized as: 
-sulfonation agent species 
-polymer species 
-molecular weight of polymers 
-solvent species 
-concentration of reactants in solution 
-agitation 
-purity of solvents and reactants 
-temperature 
-molar ratios 
-moles of reactants feeding 
-size of sulfonating vessel 
-aging of finished reaction mixture. 
He explains briefly each of these factors and its 
effects on the sulfonated product. 
After much trial and error it was found that the 
production of valuable products was favored by low con-
centrations,efficient agitation and low temperatures. 
However,much experimental work remains to be done to fit 
the factors in the sulfonation reaction into a more 
exact relationship with each other in the many methods. 
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2.6 CHLOROMETHYLATION 
The preparation of ion-exchange resins from styrene 
divinylbenzene copolymers by chloromethylatio~ and ami-
nation has been.reviewed by Jones (21,22). Chloromethyl-
ation is a type of Friedel-Crafts alkylation which can 
be carried out under a variety of conditions with aro-
matic compounds as shown by the following reactions: 
a) 
ZnC1 2 
b) ArH + (CH20)x + HCl ~ ArCH2Cl + H20 
c) 
As a Friedel-Crafts reaction chloromethylation re-
quires less driving force than alkylation (29). If this 
were not so,it would be impossible to isolate the subs-
tituted benzyl chloride that is produced in chlorome-
thylation. T~e alkylation reaction is encountered as a 
secondary reaction in most chloromethylation as pictu-
red in the following reaction: 
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~-~RoCH2Cl 
R 0-ca_t_al-=-ys_t_.• 
·--~ .. ROCH2 OR 
Ro~ CH Cl 
- 2 
The reactions of chloromethylation and alkylation 
are consecutive and competitive: 
In the case of styrene-DVB copolymer,chloromethyla-
tion proceeds very readily with chloromethyl ether be-
cause it is a good solvent for vinyl aromatic polymers 
and rapidly swells cross-linked copolymers of styrene-
DVB. The reaction produces methanol which tends to de-
activate the Friedel-Crafts catalyst and the reaction 
slows down with increasing conversion (22). Chloromethy-
lation is accompanied by crosslinking,and the prepara-
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tion of a soluble chloromethylated polystyrene (29) is 
favored by the use of a high ratio of chloromethyl ether 
to polystyrene,a low molecular weight polystyrene and 
a low catalyst c~ncentration. 
The alkylation reaction in the case of polystyrene 
would result in the connecting of different chains with 
methylene bridges and produce a cross-linked structure 
which would be expected to swell in a solvent for poly-
styrene but not to dissolve. There appears to be a com-
petition between the chloromethyl ether and the substi-
tuted benzyl chloride for the unsubstituted benzene 
rings. As in sulfonation,the cross-linking is minimized 
by dilution,in this case with chloromethyl ether. Some 
catalysts such as aluminum chloride are more prone to 
cause cross-linking than zinc chloride (or zinc oxide 
which is converted to zinc chloride). 
The chloromethylation of styrene-DVB copolymer can 
also be carried out with formaldehyde and methanol with 
aluminum chloride as the catalyst and ethylene dichlori-
de as a swelling agent (30). Chloromethylation with for-
maluehyde and hydrogen chloride involves the synthesis 
of dichloromethyl ether in situ. 
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The chloromethylation of polystyrene in chloromethyl 
ether solution is characterized by a gel point. At con-
versions below the gel point, the polymer is soluble in 
the usual polystyrene solvents {21). The progress of 
chloromethylation is observable as an increase in vis-
cosity of the solution, at first gradual and then abrupt, 
just before gelation. The chloromethylated polystyrene 
could be precipitated with methanol as a white powder. 
As with most Friedel-Crafts reactions the rate is rela-
tively independent of temperature. Advantageously, tem-
peratures in the range of about 20 to 35°c are employed. 
Hydrocarbons which are neutral with respect to 
Friedel-Crafts catalyst, and preferably liquid chlori-
nated aliphatic hydrocarbons, such as ethylene chloride, 
carbon tetrachloride, tetrachloroethane, di-, tri-, 
tetra-, and penta-chloropropanes or mixtures thereof, 
are to be considered for use as solvents or swelling 
agents. 
Galeazzi (31) has patented a process for the chlo-
romethylation of styrene-DVB copolymers by treating 
them with methylal and thionyl chloride in the presence 
of a Friedel-Crafts catalyst. This process avoids the 
- 32 -
.1 
use of highly poisonous chloromethyl methyl ether. With 
this process additional cross-linking of the styrene-
DVB copolymers is reduced to a minimum, which is advan-
tageous since the additional cross-linking is undesir-
able, inasmuch as it makes the copolymer less permeable 
to the amines (e.g., trimethylamine) used in subsequent 
amination reaction. He uses as Friedel-Crafts catalyst, 
stannic chloride anhydrous, because, being a liquid, it 
is easily metered, and moreover has the advantage of 
being totally soluble in toluene and thus having consid-
erable affinity for the basic styrene copolymers. 
Sparrow (32) has described an improved procedure 
for the chloromethylation of polystyrene-DVB, but he 
uses chloromethyl ethyl ether which is a cancer sus-
pected agent (33). Consequently, in order to follow 
Sparrow's procedure it is required to have very safe 
conditions to avoid the contact and breathing the vapors 
of the chemicals involved. 
2.7 HEALTH ASPECTS 
.According to the Aldrich Catalog (33), chloromethyl 
ethyl ether and chloromethyl methyl ether are carcino-
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gens; thus extreme precautions must b.e taken in manipu-
lating these chemicals. Jones (29) has reported that 
tests with laboratory animals have shown the liquid 
chloromethyl ether to be capable of causing very severe 
burns of the skin and eyes. Tests have also shown that 
vapors of these materials are painful to the eyes, nose, 
and throat and are capable of causing serious injury to 
the lungs. The experience of human subjects apparently 
confirms this finding. The injury in the lungs may be 
slow to develop, and may lead to pneumonia. Until the 
quantitative toxicity is defined more precisely, it 
appears advisable to consider the vapor hazard compa-
rable to that presented by phosgene. It is advisable not 
to employ persons for work with chloromethyl ethyl ether 
who are known to have asthma, or lung disorders. 
2.8 AMINATION 
The amination reaction of the previously chloro-
methylated copolymers is likewise facile. As in sulfona-
tion, the amination reaction changes the polymer from a 
hydrophobic to a hydrophilic nature. Additional cross-
linking is introduced during the amination and, as in 
' 
sulfonation, the most effective means of controlling 
this difficulty is dilution. 
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According to Jones (29) amination without the pre-
sence of an organic solvent or swelling agent tended to 
give a cross-linked aminated product,perhaps because of 
the formation of ether cross-links as shown below: 
R flcH Cl \=1 2 
RflCH OCH flR \=.f 2 2 "=J 
When amination is carried out with a dioxane solu-
tion of chloromethylated polystyrene then occurs com-
plete precipitation at partial conversion. Water is then 
added and arnination is completed under homogeneous con-
ditions. 
The solubility and properties of the completely 
arninated product depend on the degree of chloromethyla-
tion. It was found (34) as in sulfonation that the less 
cross-linked the resin the more it swells and the more 
permeable it is to large anions. 
Upon arnination with a tertiary amine,such as tri-
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methylamine, a poly-quaternary arnmonium chloride is ob-
tained which is soluble in water or in aqueous solvent 
mixtures, such as water-acetone or water-dioxaJ1.e ( 21). 
Depending upon conv~rsion,the aminated polymer may be 
soluble in aqueous acetone or aqueous dioxane and only 
slightly swelled by water or it may be water-soluble. 
Jones and Goetz (35) found that 25 mole per cent of 
quaternary ammonium groups is sufficient for water so-
lubility. In a previous work,Jones (29) has indicated 
a slightly higher value with chloromethylated polysty-
rene;but the amination was not quite complete. In the 
range of 15-25 per cent conversion the quaternary poly-
mers will not dissolve in water but dissolve in aqueous 
alcohol,and these solutions can be diluted with water 
without causing precipitation. 
2.9 SOLVENTS 
There is no way in which solubilities can be pre-
dicted with reasonable assurance except by laborious 
trial and error. For the purpose of this work,the sol-
vent has to dissolve the imbibed oil but the beads have 
to remain unchanged. To achieve this it is necessary to 
know the solubility parameter of the beads. Ideally the 
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prediction of the solubility involves a simple numerical 
constant, fundamental in nature like density, molecular 
weight, or boiling point. By comparing such a constant 
for the solvent and the polymer beads, it could be pos-
sible to determine whether a given solvent would dis-
solve any kind of polymer beads. 
According to Burrell t36J, the dissolving process 
of a polymer may be described as occurring when a ther-
mal movement of a segment of the polymer molecule makes 
a "hole" in space which instantly becomes occupied by a 
more mobile solvent molecule. This process continues 
until the entire polymer molecules become separated and 
"solution" is effected. If the polymer is slightly cross-
linked it will swell or "dissolve solvent" until the os-
motic or diffusional forces are balanced by the elastic 
contractile forces of stretched molecules, but the poly-
mer will not dissolve to form a mobile solution. In a 
highly cross-linked polymer, this segmental motion is 
not permitted; therefore, it will not absorb much liquid, 
will not swell, nor dissolve. 
The free energy equation for the process of mixing 
or dissolving a solvent and a polymer can be written as: 
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fl F = /j, H - Tf1S { 1) 
where:~F = change of free energy on mixing or solving 
~H = heat of mixing 
T = temperature 
fls =· entropy change. 
The free energy predicts whether a given process 
will occur. If the free energy change {~F) has a nega-
tive value the process will go; if it is positive, the 
process will not occur; and if it is equal to zero, the 
system is at equilibrium. 
From the above equation it can be seen that whether 
or not a polymer will dissolve depends on a balance of 
the heat factor (LiH), the entropy change t~S), and 
the temperature tT). The magnitude of the heat term 
(~H) is the deciding factor in determining the sign of 
the free energy change because the entropy change is 
invariably large. 
Hildebrand and Scott l37) have made a useful treat-
ment of this factor as follows.: 
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(2) 
where:LlHM.= overall heat of mixing, calories 
VM = total volume of the mixture, cc 
/J. E = energy of vaporization of component 
V = 
<t> = 
1 or 2, calories 
molar volume of component 1 or 2, cc 
volume fraction of component 1 or 2 
in the mixture, dimensionless. 
The term /iE / V in equation (2) is the energy 
of vaporization per cc; it is sometimes called "internal 
pressure" or "cohesive energy density11 becayse it mea-
sures the concentration of forces which cause the mole-
cules to cohere. 
In 1916 Hildebrand (38) pointed out that the order 
of solubility of a given solute in a series of solvents 
is determined by the internal pressures of the solvents. 
Late,r in 1931 Scatchard ( 39) introduced the concept of 
"cohesive energy density" into' Hildebrand's theories, 
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identifying this quantity with the energy of vaporiza-
tion per cc. Equation 2 can be rearranged to find the 
heat of mixing p~r cc at a given concentration: 
2 
= 
(3) 
replacing the cohesive energy density by 
b = (D,.E I v)i 
then: 
= 
{4) 
Hildebrand { 37) proposed to call ( E, ) the "solubility 
parameter", so the unit heat of mixing of two substances 
is dependent on ( cS 1 - cS 2) 2; i.e. the heat of mixing 
per cc divided by ( ~ 1 q> 2) is a constant independent of 
concentration. If the heat of mixing is not too large 
as to prevent mixing then ccS 1 - . cl 2)2 must be rela-
tively small. In fact if (J 1 - 62 ) = 0 , solution is 
assured by the entropy factor, because as the value 
approaches zero, then { S r+_d 2). This is equivalent to 
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saying that if the solubility parameter values of two 
substances will be nearly equal, the substances will be 
miscible. 
The solubility parameter value for polymers can be 
determined by preparing a sparsely cross-linked form 
and immersing samples in a series of liquids of varying 
solubility parameter. Being cross-linked the material 
will not dissolve, but it swells to varying degrees. The 
greatest amount of swelling will occur in the liquid 
with the same solubility parameter as the polymer. By 
inference the soluble uncross-linked polymer also has 
the same value. 
Burrell (36), and Hildebrand and Scott (37) explain 
several ways to estimate the numerical value of the sol-
ubility parameter from heat of vaporization, Hildebrand's 
rule, physical constants, structural formulas, and ex-
perimental determinations lfrom swelling and solubility 
values). Burrell.t40) treats the different aspects of 
the solubility parameter, its development, applications 
and its challenges to hydrogen bonding, concentration, 
crystallinity, and to the solubility theory. 
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Scott and Magat (41) have shown the determination 
of the solubility parameter from the swelling values 
and the reverse procedure, i.e., the determination of 
the solubility parameter of an unknown solvent by swell-
ing polymers of known solubility parameter in the sol-
vent. 
Numerical values of the solubility parameters are 
scattered rather widely throughout the literature. 
Those data pertaining to solvents and polymers have 
been collected and presented by Burrel (36), Hildebrand 
and Scott (37), and Small (42). These values appear in 
Appendixes I and II. 
Rheineck and Lin (44) discuss the effect of indi-
vidual groups on the solubility parameter and their 
additive nature. Scatchard (43) discusses the analyti-
cal expression of the cohesive energy density of mix-
tures of simple non-polar liquids, and the effects of 
volume change on mixing that will be accounted in the 
solubility parameter of mixed solvents. 
Staudinger (14) has shown that the solubility of 
. 
polystyrenes is very different for different solvents, 
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and he has compared the swelling of different polysty-
rene preparations with variable concentrations of DVB 
in different solvents. There exists a number of solvents, 
e.g., benzene, carbon tetrachloride, carbon disulfide, 
and tetralin, which dissolve polystyrene very readily. 
These are solvents with a tendency to form solvates with· 
the aromatic radicals of the polystyrene molecules as 
well as with their aliphatic chains. Other solvents, 
for instance, butyl acetate or methyl ethyl ketone, do 
not form solvates with the aliphatic chains. Cyclohex-
ane and decaline, on the other hand, show affinity to 
the aliphatic chains only, and do not form solvates 
with organic radicals. 
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CHAPTER THREE 
EXPERIMENTAL METHODS 
3.1 SULFONATION 
Since the total sulfonation of the styrene-divinyl 
benzene copolymer beads is undesirable,the sulfonation 
reaction was stopped at different periods of time for 
the various samples of beads to get different degrees 
of sulfonation. The procedure was as described below: 
75 ml of concentrated sulfuric acid were put into 
a 500 ml 3-necked round bottomed flask in a constant 
temperature bath at 40°c. This was allowed to stabilize 
the temperature for 20 minutes,then 6.5 g of polymer 
beads were added with constant stirring. This mixture 
was reacted for various lengths of time,then the flask 
was placed in an ice bath for 20 minutes. The beads were 
then filtered through a 11 c11 cintered glass funnel and 
washed with cold 50 per cent sulfuric acid solution. 
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This solution was then diluted gradually with cold de-
ionized water and the beads were washed with this di-
luted solution, then with cold deionized water, and 
finally with tap water. This was done to avoid a possi-
ble crack of the beads due to the sudden change from 
concentrated sulfuric acid to water. Once the beads were 
well washed with tap water they were dried over calcium 
chloride in an airtight dryer until they no longer ad-
here to each other. 
3.2 CHLOROMETHYLATION 
The first method which was intented to chlorometh-
ylate the beads was the one described by Galeazzi l31); 
the amounts of beads and chemical were changed propor-
tionally as follows: 5.0 g of polymer beads were imbibed 
with 12.5 g of methylal ldimethoxymethane) for 1 hour 
tor varying periods of time) at 35°c in a reflux flask. 
After cooling to room temperature, 15.0 g of thionyl 
chloride and 1.25 g of anhydrous stannic chloride were 
gradually introduced into the reaction medium while 
stirring and cooling the system. After this the reac-
tion flask was kept for 6 hours tor varying lengths of 
time) at 45°c to carry on the reaction. At the end of 
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the reaction, the reaction mass was cooled down and 
deionized water was gradually introduced in order to 
decompose the reactants still present in the mass. Then 
the beads have to be filtered and washed with deionized 
water and they are ready to be aminated or they can be 
dried over calcium chloride. 
Another procedure which was tried in order to chlo-
romethylate the beads was the one described by Seifert 
l30) as follows: 5.0 g of polymer beads were initially 
swelled for 30 minutes {or varying lengths of time) in 
20 ml of ethylene dichloride, then 3.0 g of paraformal-
dehyde and 4.0 ml of methanol were added thereto at 
once. A total of 8.0 g of anhydrous aluminum chloride 
was added thereto in small portions uniformly distrib-
uted over a period of 4 hours {0.5 g each 15 minutes). 
The temperature at this time was kept at 25°c and the 
mixture stirred for 16 hours after the addition. After 
the addition of 50 ml of deionized water the reaction 
mixture was filtered by suction and the reaction prod-
uct was washed with deionized water and dried at 60°c. 
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3.3 AMINATION 
The chloromethylated beads are put in a round-
bottomed flask in a 35°c-constant temperature bath and 
an excess (14 ml of 25 per cent by weight solution) of 
trimethylamine is added to yield a quaternary amine. 
To aid the mixing,15 ml deionized water is added and 
the reaction is carried out for 2 hours at 35°c and 
after that at room temperature for 48 hours. The beads 
are then filtered and washed with deionized water and 
dried over calcium chloride. 
3.4 EMULSIONS 
3.4.1 CATIONIC EMULSIONS 
The cationic emulsions were prepared as follows: 
2.0 g of hexadecyltrimethylammonium bromide were put 
in a 300 ml beaker,then 150 ml of deionized water and 
50 ml of crude oil (from the Corpus Christi refinery) 
were added and the mixture was emulsified during 10 
minutes in a 11 Sonifier:Cell Disrupter" model W-350 at 
a duty cycle of 40~6 and output control at 4. 
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3.4.2 ANIONIC EMULSIONS 
The anionic emulsions were prepared by emulsifying 
5.0 ml of tergitol 4 and 150 ml of deionized water and 
50 ml of crude oil, using the sonifier. 
3.5 IMBIBITION 
To imbibe the beads, 1.0 g of activated beads were 
put in a 100 ml beaker and 50 ml of the opposite charged 
emulsion were added and the mixture was magnetically 
stirred for different periods of time. The mixture was 
then filtered on a No 1 filter paper, aiding the filtra-
tion with a moderate suction. The beads were then taken 
out of the filter and put in a 50 ml weighted beaker, 
and by diffe.rence in weights before and after imbibi tion 
the amount of imbibed emulsion was determined. Three 
samples of each activated beads were used to determine 
the average imbibed emulsion for each sulfonation time. 
Some samples were then dried over calcium chloride for 
the recovering of the imbibed oil, and others were 
treated in their wet form with the solvents. 
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3.6 OPTIMUM REACTION TIME 
To determine the optimum reaction time several sam-
ples of beads were activated for different periods of 
time and then 3 samples of 1.0 g of these activated 
beads were imbibed in 50 ml of the corresponding emul-
sion for 18 hours, then the beads were filtered and 
weighted to determine the emulsion imbibed. 
3.7 OPTIMUM IMBIBITION TIME 
Once the optimum reaction time had been determined, 
samples of 1.0 g of the optimum reaction time beads were 
put in 50 ml of emulsion and imbibed under stirring for 
various periods of time; and after filtration the 
amount of emulsion imbibed was determined. Three sam-
ples of beads were used for each imbibition time. 
3. 8 BEADS AND OIL . RECOVERY 
The proper solvent must not swell the beads but it 
must dissolve the imbibed oil. To get the proper solvent 
the only way is trial and error, so it was necessary to 
try several samples of wet- and dry-imbibed beads in 
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different solvents and to observe how they swell and 
how the oil is extracted by the solvents. Most of the 
samples were extracted several times with the solvent 
till the solvent appeared clear or the beads began to 
swell. After the extraction the beads were dried in a 
vacuum dryer at 35°c till they no longer adhered. 
Once the beads were dried they were imbibed again 
with oil emulsion in order to determine their "reusing 
capacity". 
3. 9 OBSERVATIONS ABOUT THE USED METHODS 
After sulfonation and washing all the beads 
appeared yellow in color but after drying the color 
varied, increasing from yellow to red dark wine an to 
yellow again as the reaction time was increased. The 
color was determined by matching the samples in the 
Munsell Book of Color (45) (see Table VIII). 
During the chloromethylation it was supposed that 
the beads must remain in the same shape so they could 
be washed, filtered, and dried until they no longer 
adhered. However, by following the chloromethylation 
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processes described above, the beads adhered together in 
a mass being impossible to stir. or to filtrate. By 
swelling the beads with 100 ml of ethylene dichloride 
the problem persisted, and if they were swelled with 
more ethylene dichloride they formed a gel difficult to 
filtrate. There exists the possibility of chloromethyl-
ate with chloromethyl ethyl ether as described by 
Sparrow (32), and to use as swelling agent a 4.0 molal 
trichloroacetic acid solution and take from this solu-
tion 75 ml to swell 10 g of beads. This method could be 
followed but under very safe working conditions because 
the chloromethyl ethyl ether is a cancer suspected agent • 
.Another possibility is to use some more cross-
linked polymer beads to avoid the excessive swelling, 
and to follow any of the described methods for chloro-
methylation. 
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CHAPTER FOUR 
RESULTS AND DISCUSSION 
Due to the experimental difficulties in preparing 
the cationic cross-linked beads by chloromethylation 
only experimentations were carried out with the anionic 
sulfonated beads and cationic emulsions. 
4. 1 OPTIMUM REACTION TIME 
The average values of the amount of imbibed emul-
sion after 18 hours by the beads for different sulfo-
nation times are presented in Table II. These data are 
plotted in Figure 2 as a function of the sulfonation 
time. 
From these data an "optimum reaction time" of 35 
minutes was determined. 
To be sure of this time, other samples of different 
sulfonation time were imbibed during 30 hours. The aver-
age values appear in Table III and they are plotted in 
Figure 3. 
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TABLE II 
Imbibed emulsion after 18 hr imbibition 
Reaction time Imbibed emulsion 
(minutes) (g/g beads) 
10 4.162 
20 3.860 
25 5.346 
30 7.016 
35 7.841 
40 5.154 
45 3.323 
50 1. 733 
60 2.673 
70 2.737 
TABLE III 
Imbibed emulsion after 30 hr imbibition 
Reaction time 
(minutes) 
25 
30 
35 
40 
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Imbibed emulsion 
(g/ g beads) 
7.799 
7.522 
9.727 
3.266 
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FIGURE 2. Optimum Sulfonation Time. 
Effect of the sulfonation time on the amount of 
imbibed emulsion by the beads after 18 hr. imbi-
bition. 
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FIGURE 3. Optimum Sulfonation Time. 
Effect of the sulfonation time on the amount 
of imbibed emulsion by the beads after 30 hr 
imbibi tion. 
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These data also confirm that the maximum amount of 
imbibed emulsion corresponds to a sulfonation time of 
35 minutes. 
4.2 OPTIMUM IMBIBITION TIME 
Having determined an "optimum reaction time" of 35 
minutes, different samples of sulfonated beads at 35 
minutes and 40°0 were imbibed for various lengths of 
time. For each imbibition time three samples of sulfo-
nated beads were used. The average values expressed in 
g of imbibed emulsion per g of beads are reported in 
Table IV and in Figure 4 (upper curve) as a function of 
the imbibition time. 
TABLE IV 
Imbibed emulsion for 35 min sulfonated beads 
Imbibi tion time 
thours) 
6 
12 
18 
24 
30 
36 
Imbibed emulsion 
tg/g beads) 
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2.306 
3.700 
4.716 
4.973 
7.008 
6.162 
Other samples of 40 min sulfonated beads were 
imbibed for various imbibition time. The obtained aver-
age values are listed in Table V and plotted in Figure 
4 llower curve). 
TABLE V 
Imbibed emulsion for 40 min sulfonated beads 
Imbibi tion time Imbibed emulsion 
{hours) {g/g beads) 
6 1. 370 
12 1.732 
18 3.329 
24 3.990 
30 5.002 
36 4.123 
From the above data it can be seen that the maximum 
amount of imbibed emulsion corresponds to an imbibition 
time of 30 hours for both kinds of beads. 
Consequently, the "optimum imbibition time" is 
determined as 30 hours for the 35 min-sulfonated beads 
at 40°0. 
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FIGURE 4. Optimum Imbibition Time. 
Effect of the imbibition time on the amount of 
imbibed emulsion by the beads for 35 and 40 min 
sulfonation time. 
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4.3 SOLVENT SELECTION 
Wet- and dry-imbibed beads were treated with the 
following solvents: acetone; 75:25 acetone-hexane;50:50 
acetone-ethanol;carbon tetrachloride;cyclohexane;cyclo-
hexanone;cyclohexanol;ethanol;n-heptane;n-hexane;n-
hexanol;n-propyl alcohol;methyl ethyl ketone;methanol; 
90:10 methanol-n-heptane;50:50 methanol-toluene;75:25 
methanol-toluene. 
Most of the solvents were found to swell the beads 
till a degree that it was impossible to recover the 
beads. Some solvents were found good enough to recover 
the imbibed oil and to clean the beads for reusing as 
shown in Table VI. 
The beads samples that were not swelled were ex-
tracted 4 times with fresh solvent and then washed with 
hot water,solvent,and finally with hot water. After 
that the cleaned beads were dried in a vacuum dryer at 
-35°c. The best results were obtained with: acetone, 
methanol,ethanol,and 50:50 acetone-ethanol. 
Since the selected solvents were found to work well 
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with both the wet- and dry-beads,it was not necessary 
to dry the beads after the imbibition in order to treat 
them with the solvent. 
TABLE VI 
Behavior of the beads in several solvents 
Solvent Sulfonated Wet Dry 
Acetone Ns-Lc G G 
75:25 acetone-hexane Sm F F 
50:50 acetone-ethanol Ns-Lc G G 
Carbon tetrachloride Sm F F 
Cyclohexane Sm B B 
Cyclohexanone Sm B B 
Cyclohexanol Sm B B 
Ethanol Ns-Lc G G 
n-heptane Ns-NLc B B 
n-hexane Sm B 
B 
n-hexanol Sm B B 
n-propyl alcohol Sm B B 
Methyl ethyl ketone Sm B B 
Methanol Ns-Lc G 
G 
90:10 methanol-n-heptane S-Lc F F 
50:50 methanol-toluene Ns-Lc F F 
75:25 methanol-toluene Ns-Lc F F 
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In Table VI: 
Ns-Lc : do not swell but lose color 
S-Lc : swell and lose color 
Ns-NLc : do not swell and do not lose color 
Sm : swell too much 
F : the oil is extracted but the beads 
swell too much 
B : the beads swell too much, therefore it is 
impossible to recover the beads 
G : the oil is well extracted and the beads 
do not swell. 
4.4 REUSING CAPACITY 
The beads used in the first imbibition were extrac-
ted and dried and then they were put again in emulsion 
in order to imbibe emulsion during 30 hours. After the 
second imbibition the beads were filtered and by differ-
ence in weight before and after the second imbibition 
the results showed that the beads do not imbibe emulsion. 
This result was suspected since the beads were noticed 
to change in color after the first imbibition and ex-
traction. By putting the beads in deionized water they 
lose their color and become almost white, (Munsell color 
- 61 -
'. i 
-, 
No 5Y-9/2). This may indicate that the beads have lost 
their activation. To be sure, the beads were titrated 
with potassium hydroxide solution before and after the 
first imbibition to determine the m.eq. of HS03 groups. 
After the first imbibition and extraction no charge 
could be detected by titration with potassium hydroxide 
solution. It is possible that the activated beads lose 
their activation by hydrolysis and oxidation of the 
functional groups. In Table VII are reported the m.eq. 
of HS0
3
- per gram of sulfonated beads for the different 
times of sulfonation before imbibition. 
TABLE VII 
Exchange capacity 
Reaction time tmin) m.eq.Hso3/g beads 
10 0.997 
20 0.947 
25 1.196 
30 1. 371 
35 1. 745 
40 1.196 
45 1.122 
50 0.723 
60 0.897 
70 0.972 
- 62 -
TABLE VIII 
Beads color after sulfonation 
Sulfonation time Munsell color 
. (minutes) No 
10 7. 5R-6/2 
20 7. 5YR-6/2 
25 5YR-6/2 
30 2. 5YR-6/2 
35 2.5R-5/2 
40 10YR-6/4 
45 2.5Y-5/4 
50 7.5-7/6 
60 5Y-7/8 
70 5Y-7/10 
4.5 CONCLUSIONS 
From the obtained results it can be concluded: 
1. The recovery of oil from the cationic oil-in water 
emulsions with sulfonated polymer beads is well 
accomplished with the 35 min activation time at 
. 40°0 sulfonated polymer beads. 
2. An imbibition time of 30 hours is long enough to 
remove_the greatest amount of oil from the cationic 
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oil-in-water emulsions. 
3. The sulfonated polymer beads lose their activation 
after the first imbibition. 
4. The exchange capacity of the activated beads is low. 
4.6 RECOMMENDATIONS 
The following are recommendations for future work: 
1. Try to sulfonate at a higher temperature, for instan-
ce 80-90°0, in the presence of a catalyst, such as 
silver sulphate, in order to evaluate if the sulfo-
nated beads retain their activation. 
2. Try to recover the imbibed oil by steam distillation 
at low pressure. 
3. Try to imbibe emulsions with less oil content, and 
emulsions without emulsifying agents or sea water 
with dispersed oil. 
4. Try the chloromethylation for some more cross-linked 
polymer beads, for instance styrene with 8 per cent 
divinylbenzene, by following any of the processes 
described in chapter three of this report. 
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APPENDIX I 
Numerically Arranged List of Solubility 
Parameters of Solvents (36). 
Solvent Solubility Parameter 
Silicones 5.5 
Perfluoroheptane 5.8 
Isobutylene 6.7 
n-pentane 7.0 
1-3-butadiene 7.1 
Shell sol 72 7.2 
Apco # 140 7.3 
n-hexane 7.3 
Diethyl ether 7.4 
n-heptane 7.4 
Isoprene 7.4 
n-octane 7.6 
V.M.& P. Naphta 7.6 
Diisobutyl ketone 7.8 
Methyl cyclohexane 7.8 
Vinyl chloride(monomer) 7.8 
Methyl nonyl ketone 7.8 
n-amyl n-butyrate 7.8 
Isopropyl isobutyrate 7.9 
Diisopropyl ketone 8.0 
Methyl amyl acetate 8.0 
n-butyl n-butyrate 8.1 
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APPiNDIX I (cont'd.) 
Isobutyl chloride 
Turpentine 
Sec.-butyl acetate 
Cyclohexane 
2,2-dichloropropane 
Sec. amyl acetate 
n-amyl chloride 
Isobutyl acetate 
Methyl isobutyl ketone 
Isopropyl acetate 
Propyl butyrate 
Methyl n-hexyl ketone 
n-amyl acetate 
n-butyl acetate 
Ethyl n-butyrate 
Carbitol acetate 
Dipentene 
Methyl n-amyl ketone 
n-propyl chloride 
Carbon tetrachloride 
Pine oil 
n-propylbenzene 
Cellosolve acetate 
Butyl propionate 
Diethyl ketone 
Ethyl benzene 
Dimethyl ether 
n-propyl acetate 
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8.1 
8. 1 
8.2 
8.2 
8.2 
8.3 
8.3 
8.3 
8.4 
8.4 
8.4 
8.4 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.6 
8.6 
8.6 
8.7 
8.8 
8.8 
8.8 
8.8 
8.8 
APPENDIX I (Cont'd.) 
Xylene 8.8 
Methyl propyl ketone 8.9 
Butyl carbitol 8.9 
Butyl cellosolve 8.9 
Methyl n-butyrate 8.9 
Toluene 8.9 
1,2-dichloropropane 9.0 
Diethylene glycol 9.1 
Ethyl acetate 9.1 
Benzene 9.2 
Methyl cellosolve acetate 9.2 
Propylene oxide 9.2 
Chloroform 9.3 
Cyclohexanone 9.3 
Methyl cyclohexanone 9.3 
Methyl ethyl ketone 9.3 
Dichloro ethylene 9.3 
Trichloro ethylene 9.3 
Chlorobenzene 9.5 
Methyl acetone 9.5 
Tetralin 9.5 
Carbitol 9.6 
Methyl acetate 9.6 
Ethylene dichloride 9.8 
Dioxane 9.9 
Cello solve 9.9 
Acetone 10.0 
Isoamyl alcohol 10.0 
67 
APPENDIX I (Cont'd.) 
Carbon disulfide 10.0 
Acrylonitrile 10.5 
n-heptyl alcohol 10.6 
n-hexyl alcohol 10.7 
Pyridine 10.7 
Methyl cellosolve 10.8 
n-amyl alcohol 10.9 
n-butyl alcohol 11.4 
Cyclohexanol 11. 4 
Isopropyl alcohol 11.5 
n-propyl alcohol 11. 9 
Ethyl alcohol 12.7 
Ethylene glycol 14. 2 
Methyl alcohol 14.5 
Glycerol 16.5 
Water 23.4 
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APPENDIX II\/ 
J 
Calculated and Observed Solubility 
Parameters of Polymers ( 42). 
Polymer 
~· ( calc.) b (obs.) 
Polytetrafluoroethylene 6.20 
Polyisobutylene 1.10 8.05 
Polyethylene 8. 10 7.90 
Natural rubber 8.15 8.30 
Butadiene/styrene 
85:15 8.48 8.50 
75:15 8.54 8.09 
60:40 8.65 8.67 
Polystyrene 9.12 9. 10 
Polystyrene/diviriylbenzene 9. 10 
Euna N (butadiene 75) 9.25 9.38 
(acrylonitrile 75) 9.50 
Polymethyl methacrylate 9.25 9.50 
Neoprene GN 9.38 8. 18 
Polyvinyl acetate 9.40 
Polyvinyl chloride 9.55 9.48 
Polyvinyl bromide 9.60 9.50 
Polymethyl chloroacrylate 1o.10 
Cellulose dinitrate 10.48 10.56 
Polyglycol terephthalate 10.70 
Polymethacrylonitrile 10.70 
Cellulose diacetate 11.35 10.90 
Polyacrylonitrile 12.75 
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